There is a long history of examining the impacts of nutrient pollution and pH on coral reefs. However, little is known about how these two stressors interact and influence coral reef ecosystem functioning. Using a six-week nutrient addition experiment, we measured the impact of elevated nitrate (NO 2 3 ) and phosphate (PO 32 4 ) on net community calcification (NCC) and net community production (NCP) rates of individual taxa and combined reef communities. Our study had four major outcomes: (i) NCC rates declined in response to nutrient addition in all substrate types, (ii) the mixed community switched from net calcification to net dissolution under medium and high nutrient conditions, (iii) nutrients augmented pH variability through modified photosynthesis and respiration rates, and (iv) nutrients disrupted the relationship between NCC and aragonite saturation state documented in ambient conditions. These results indicate that the negative effect of NO 2 3 and PO 32 4 addition on reef calcification is likely both a direct physiological response to nutrients and also an indirect response to a shifting pH environment from altered NCP rates. Here, we show that nutrient pollution could make reefs more vulnerable to global changes associated with ocean acidification and accelerate the predicted shift from net accretion to net erosion.
Introduction
Coral reefs provide critical ecosystem services including shoreline protection and food security to coastal communities worldwide [1] . The maintenance of these services depends on a balance between coral reef growth (accretion) and reef breakdown (bioerosion and dissolution), where accretion must be greater than erosion for reef persistence. Corals and other calcifiers build the three-dimensional framework of coral reefs, while bioeroders naturally breakdown the reef framework. Together, calcifiers and bioeroders are key biological drivers of the accretion-erosion balance, and their sensitivities to global and local stressors threaten to shift the balance in favour of net erosion [2] . Global stressors, such as ocean acidification and rising sea surface temperatures, can slow reef accretion [3] , cause massive bleaching events [4] , and increase bioerosion and dissolution rates [5] [6] [7] [8] [9] [10] [11] . Local stressors, such as chronic nutrient loading of coastal waters, can destabilize reefs by shifting competitive dominance away from corals and other calcifiers towards fleshy algae, and also by increasing bioerosion rates through enhanced growth of bioeroding invertebrates and endoliths [12] [13] [14] [15] . Further, local and global stressors can interact and have compounding negative effects on net reef growth. A field study demonstrated that the positive relationship between ocean acidification and bioerosion was enhanced at nutrient-rich sites throughout the Pacific [16] .
& 2018 The Author(s) Published by the Royal Society. All rights reserved.
Because nutrient pollution and ocean acidification are growing and chronic threats for coral reefs [3, 17] , it is necessary to understand how nutrients and pH interact to influence key ecosystem functions.
While nutrient pollution is a prevailing stressor on coral reefs [13] , reef organisms evolved under nutrient-limitation [18] , and, consequently, some corals increase their growth rates with slight increases in nutrients. For example, Porites lobata exposed to nutrient-rich submarine groundwater discharge (SGD) had faster growth rates than corals further away from the SGD seeps [19] . In both laboratory and field manipulations, Acropora muricata and Acropora longicyathus had enhanced growth when exposed to higher phosphorous concentrations relative to a control [20, 21] . Excess nutrients, however, can be devastating to coral reefs [13] . Eutrophic conditions can reduce growth rates in many coral species [13] by increasing competition between endosymbionts and the coral host [22, 23] . Nutrients can also increase bioerosion rates [12,24 -28] , increase sediment dissolution [29] , decrease rhodolith growth rates [21] and increase the growth rates of several fleshy macroalgal species [15, 30, 31] resulting in direct competition with, or overgrowth of, corals. These studies highlight the need to examine the impacts of nutrient addition on multiple reef constituents at ecologically relevant nutrient concentrations for coral reefs.
In addition to directly influencing the growth and physiology of reef constituents, nutrients can indirectly impact net reef accretion by altering the pH environment and, thus, aragonite saturation state (V arag ) via augmented photosynthesis and respiration rates. Photosynthesis and respiration have opposing effects on pH (and V arag ), increasing and decreasing it, respectively, by changing the concentration of CO 2 in the water column (figure 1). On coral reefs, local pH variability has been linked to the diurnal cycling of photosynthesis and respiration [32] [33] [34] [35] [36] [37] [38] [39] , and field studies have shown that nutrient addition can augment photosynthesis and respiration and, thus, pH and pCO 2 variability, on reefs [40] . Community composition and species interactions can also mediate pH variability and, thus, the overall impact of nutrients on net reef growth as individual organisms can have vastly different contributions to local pH variability on coral reefs [35, 41] . Given the well-documented sensitivity of calcification, bioerosion and dissolution rates to changes in pH and V arag [6] [7] [8] 11, 16, [42] [43] [44] [45] , augmented pH and V arag variability or shifts in community composition in response to nutrient pollution may exacerbate the negative effects of ocean acidification and other stressors on net reef growth. Therefore, nutrient pollution has the potential to severely undermine ecosystem functioning on coral reefs.
In this study, we assess both the direct and indirect effects of nutrients on net reef growth of individual reef constituents and mixed communities. Using an outdoor mesocosm facility, we exposed four common coral reef constituents (live coral, dead coral rubble, carbonate sand and macroalgae) to combined elevated nitrate (NO treatments (ambient, medium and high) continuously for six weeks in Kāne'ohe Bay, Hawai'i. Subsequently, in a pair of 24 h metabolism experiments, we measured diel changes in NCC, NCP and pH for all individual reef constituents and combinations of the taxa. Our specific goals were to test the direct impact of nutrient addition on community metabolic rates and investigate if nutrients indirectly mediate biological feedbacks between pH and community metabolism. This study addresses potential mechanisms that may drive shifts from net accretion to net erosion in response to nutrient pollution-one of the top threats to coastal reefs worldwide [17] . , respectively, at the collection site [6] . We prepared 36 clonal coral fragments (nubbins) from each of three individual colonies of the two dominant coral species in Kāne'ohe Bay, Hawai'i (Porites compressa and Montipora caiptata) from the fringing reef on the southwest side of Coconut Island. Thirty-six rubble fragments were prepared from dead P. compressa skeletons collected from the same area as the live coral. Macroalgae (Gracilaria salicorni), and sand were collected rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172718 from a low energy, sandy reef flat on the northwest side of Coconut Island in less than 1 m depth, where G. salicornia is abundant and lives unattached to the substrate. Coral and rubble were buoyant weighted and macroalgae was wet weighted prior to the start of the experiment. At the end of the six weeks of exposure (described below), each set of coral nubbins and the rubble were buoyant weighed for a final time (algae were wet weighed). All samples were assessed for dry weight (oven dried at 608C for at least 48 h) and ash free dry weight (weight lost during ashing in a muffle furnace at 5008C for 4 h). We calculated ash free dry weight (¼dry weight 2 ash weight) as a measure of organic content for each sample. For detailed collection methods, see the electronic supplementary material and Quinlan et al. [46] .
Material and methods (a) Sample collection

(b) Experimental set-up
The experiment took place in an outdoor mesocosm facility and was comprised of 36 6-l polycarbonate aquaria divided between three 1300 l incubation tanks (12 aquaria per tank) that were used to maintain constant temperature. Incubation tanks were outfitted with HOBO Pendant (Onset Computer Corp., Bourne, MA) loggers to monitor temperature and light intensity every 15 min (electronic supplementary material, figure S1). Light intensity was converted from luminous flux (LUX) to photosynthetically active radiation (PAR) following methods by Long et al. [47] . The tanks were shaded to approximately 60% full irradiance and average total PAR for the three incubation tanks were 289 + 375, 243 + 333 and 273 + 355 mmol m 22 S
21
(mean + s.d.) across the six-week period. One of 12 treatments was assigned to each of the 12 aquaria in each incubation tank: nutrient level (ambient, medium and high) Â substrate (coral, algae, rubble and sand), for a randomized complete block design with a single replicate aquarium in each of the three incubation tank blocks (electronic supplementary material, figure S2 ). Each aquarium held four samples of the assigned substrate, i.e. four sets of coral nubbins, four baskets of rubble, four baskets of algae or four Petri dishes of sand were included in any one aquarium. Each experimental aquarium had a drain to hold the water level constant at 5 l and contained a Rio plus 50 aqua pump (320 l h
) to ensure that the water within the aquarium was well mixed.
Incoming seawater from the collection site was filtered through a sand filter followed by a 20 mm filter before entering our experimental aquaria. The nutrient concentrations were maintained by mixing source water from Kāne'ohe Bay with a concentrated nutrient mix in a 20 l pre-cleaned carboy every other day. The nutrient mix was a frozen stock containing a ratio of 3 : 1 potassium nitrate : potassium phosphate and was stored at ambient temperatures in the dark. A 3 : 1 molar ratio was chosen because it is the average dissolved inorganic nitrate to dissolved inorganic phosphorous ratio found throughout the Hawaiian Archipelago [48] . Both the source water and the nutrient mixture were pumped and pre-mixed into separate aquaria (hereafter called header aquaria) using multi-channel peristaltic pumps before entering the experimental aquaria. Each header aquaria contained a Rio plus 90 aqua pump (320 l h
) to ensure that the nutrients were mixed into solution. The nutrients were pumped through platinum cured silica tubes resulting in a residence time of approximately 2 h and 6 h in the header and experimental aquaria, respectively. Three nutrient concentrations were maintained throughout a six-week acclimation period: ambient (0. 15 ). These concentrations represent the ambient nutrient concentration for Kā ne'ohe Bay (ambient), 97% percentile (medium) and maximum (high) nutrient concentrations from monitored reefs sites throughout the Pacific (electronic supplementary material, figure S3 ).
To avoid fouling, aquaria were exchanged and cleaned twice each week: incoming water and the aquarium pump were disconnected; coral, algae, rubble or sand samples were removed; water from the old aquarium was poured into the clean aquarium; samples were replaced; and the aquarium pump and incoming water were reconnected. Whenever aquaria were exchanged, aquaria positions were shuffled within each tank to avoid any systematic effects of light or temperature variation within the tank. To avoid systematic differences between tanks, aquaria (as a block) were rotated between tanks every two weeks; i.e. all aquaria in Tank A were moved to Tank B, aquaria in Tank B were moved to C, and all in C moved to A. Nutrient samples were collected every two weeks throughout the experiment in all experimental and header aquaria to ensure that the nutrient conditions were maintained for the six-week acclimation period.
(c) Metabolism experiments
We determined the effect of nutrients on community metabolism by coral, algae, rubble and sand individually and combined over two sequential 24 h sampling events. At the end of the six-week acclimation period, we sampled community metabolism of the separate reef constituents every 4 h for 24 h (10:00, 14:00, 18:00, 22:00, 02:00, 06:00, 10:00). Immediately following this experiment, the four replicate substrates in each aquarium were divided into mixed communities such that each aquarium had one replicate of each substrate type. Nutrient treatments and block identity were maintained, resulting in four replicate mixed communities at each nutrient level in each incubation tank. After a 24 h acclimation period, a second 24 h sampling event was conducted on the mixed communities. During each sampling event, we collected water samples for total alkalinity (A T ) and nutrients (NO (i) pH and temperature pH measurements were taken with an Orion ROSS Ultra pH/ATC Triode glass electrode in situ in millivolt. The pH electrode was calibrated against a Tris buffer of known pH from Andrew Dickson's laboratory at the Scripps Institution of Oceanography following Dickson SOP6a [49] . pH was calculated on the total scale ( pH Tot ) using a multi-point calibration from millivolt and temperature measured on a traceable digital thermometer (5-077-8, accuracy ¼ 0.058C, resolution ¼ 0.0018C; Control Company, Friendswood, TX, USA).
(ii) A T and nutrients All water samples were collected in acid washed bottles, each rinsed three times with sample water. A T samples were collected in 250 ml Nalgene bottles and immediately preserved with 100 ml of 50% saturated HgCl 2 . A T was analysed using open cell potentiometric titrations on a Mettler T50 autotitrator [49] . A certified reference material (CRM, Reference Material for Oceanic CO 2 Measurements, A. Dickson, Scripps Institution of Oceanography) was run at the beginning of each sample set. The accuracy of the titrator was always less than 1% off from the standard. Nutrient samples were collected in 60 ml plastic syringes, filtered through pre-combusted GF/F (0.7 mm) filters, transferred into 50 ml plastic centrifuge tubes and frozen until analysis. Nutrient samples were processed on a Seal Analytical AA3 HR Nutrient Analyzer at the UH SOEST Lab for Analytical Chemistry for NO 
constituent Â day/night sample in the experimental aquaria were analysed).
(iii) Metabolic calculations
We used the total alkalinity anomaly technique to calculate net community calcification (NCC) and net community production (NCP) rates for individual reef constituents and mixed reef communities. NCC is the sum of all calcification and dissolution processes and the rates (mmol CaCO 3 g 21 h
21
) were calculated using the following equation: [50] . NCC rates were then divided by 1000 to yield rates in units mmol CaCO 3 g 21 h
. NCC rates were averaged across daylight hours (daytime NCC), dark hours (nighttime NCC) and over the entire 24 h cycle (net NCC) to obtain daytime calcification, nighttime calcification, and net calcification rates over 24 h, respectively, in each aquaria. DA T ranged from 0.008 to 115.87 mmol kg 21 in a 4 h period across all aquaria.
NCP is the sum of gross production and respiration and NCP rates (mmol C g 21 h
) were calculated using the following equation:
DDIC is the difference in dissolved inorganic carbon (mmol kg 21 ) between the header and experimental aquaria. DIC was calculated from A T and pH using seacarb [51] ; uncertainty in calculating DIC from A T and pH is approximately 3.6% [52] . NCP rates were averaged over the 24 h sampling period to obtain net production rates for each aquaria. Respiration rates (R) were calculated by averaging NCP rates during dark hours, and gross community production (GCP) rates were calculated as R þ NCP during daylight hours. During both sampling events, all header and experimental aquaria were temporarily covered with plastic wrap to reduce off-gassing and evaporation; therefore, we assumed FCO 2 to be zero.
(d) Data analysis
Linear mixed effects models were used to determine the impact of nutrient addition on (i) community metabolic rates and (ii) biological feedbacks between metabolic rates and pH. Individual models were constructed for each reef community (coral, algae, rubble, sand and mixed) by metabolic rate (daytime NCC, nighttime NCC, net NCC, GCP, R and NCP) with nutrient level as a fixed effect. Sampling time and incubation tank were included as orthogonal random effects to account for repeated measures and potential differences in light and temperature across tanks, respectively. To investigate biological feedbacks, we modelled pH as a function of NCP crossed with both species and nutrients (3-way interaction). Experimental aquarium nested within tank was included as a random effect to account for repeated measures within each aquarium. We also determined whether nutrient addition influenced the relationship between NCC and V arag (calculated using seacarb) using an ANCOVA (analysis of co-variance) with experimental aquarium nested within incubation tank as a random effect. Normality and homoscedasticity were assessed by visual inspection of residual plots and all model assumptions were met. All models were analysed using the lme4 package in R [53] .
Results (a) Metabolic response
NCC significantly decreased with nutrient addition in all reef constituents and the mixed community for daytime and net rates ( figure 2 and electronic supplementary material,  table S1 ). At night, NCC also declined with nutrient additions in all reef constituents, although the effect of nutrients on nighttime NCC in rubble was not statistically significant (figure 2c and electronic supplementary material, table S1). Coral had the most dramatic decline with a 56% decrease in net NCC from the ambient to high nutrient treatment. Algae, rubble and sand switched from net calcifying to net dissolving with increasing nutrients over the 24 h cycle (figure 2 and electronic supplementary material, table S1) and the mixed community was no longer net calcifying (a net NCC rate of 20.05 + 0.64 mmol g 21 h
21
) in the medium and high nutrient treatment. The coral and macroalgae both maintained a positive growth rate, measured via change in dry or wet weight and normalized to organic biomass (electronic supplementary material, figure S4 ), throughout the six-week incubation period in all treatments. Rubble had a negative growth rate in ambient and medium treatments, but slightly positive in the high treatment (electronic supplementary material, figure S4 ).
For production rates, GCP increased with nutrient addition in all reef constituents, but was only significant in the coral, sand and mixed community (figure 2 and electronic supplementary material, table S2). Respiration also increased with nutrients in coral, rubble, algae and sand, but was not statistically significant in the mixed community (figure 2 and electronic supplementary material, table S2). The concomitant increase of GCP and R drove NCP to be unaffected by nutrient addition in all reef constituents and the mixed community ( figure 2 and electronic supplementary material, figure S5 and table S3 ). Across substrate types, algae had the strongest effect on pH during the day, augmenting pH by 0.1 + 0.06 (s.e.) relative to the incoming seawater, while coral had the strongest effect at night, decreasing pH by 0.12 + 0.01 (s.e.) in the ambient treatment (electronic supplementary material, figure S6 ). Sand had the weakest effect on pH during both rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172718 day and night (increasing and decreasing by 0.003 + 0.009 and 0.004 + 0.007 pH units, respectively). Nutrients substantially amplified pH variance in all substrate types, increasing it by a factor of 1.34 (coral) to 27.5 (sand) between the ambient and high nutrient treatments (electronic supplementary material, figure S6 ).
Nutrients also disrupted the relationship between V arag and NCC. There was a positive relationship between NCC and V arag in the ambient treatments for coral, rubble, sand and the mixed community (figure 3 and electronic supplementary material, tables S4 -S8). However, nutrient addition significantly weakened this relationship in all reef constituents (i.e. the effect sizes were reduced, but the slope was significantly non-zero), and, in both algae and sand, caused a complete disassociation (i.e. slope was effectively zero) between V arag and NCC (figure 3 and electronic supplementary material, tables S4 -S8).
Discussion
The negative effect of nutrients (NO 2 3 and PO 32 4 , specifically) on reef calcification is likely both a direct physiological response to nutrients and also an indirect response to a shifting pH environment from altered NCP rates. In our study, NCC decreased and pH variability increased (through augmented photosynthesis and respiration) in response to nutrient addition. We also saw a shift from net calcification to net dissolution in the mixed community (figure 2e) and a decoupling between calcification and V arag under elevated nutrient conditions (figure 3). Our results indicate that moderate increases in NO 2 3 and PO 32 4 have the capacity to alter the accretion-erosion balance of coral reefs.
Overall, there was a decline in NCC in all four reef constituents and the mixed community for daytime, nighttime and net rates in response to nutrient addition. Several prior studies have also shown a negative relationship between nutrients and coral calcification in both field [13, 40, 54] and laboratory experiments [13,22,23,55 -57] . For example, in the Caribbean, Porites porites and Montastraea (now Orbicella) annularis calcification decreased significantly under only a 1 mmol l 21 increase in nitrate relative to ambient controls, and calcification greatly decreased (by 25% and 50%, respectively) under highly elevated (20 mmol l
21
) nitrate conditions [22] . Increased competition for DIC between the coral host and its endosymbionts under elevated nutrients is a direct mechanism driving lower coral NCC rates [22, 58] . Endosymbiont density and daytime production rates both increase in response to elevated nutrients in several coral species [13, 22] . Competitive dynamics between photosynthesis and calcification drawing from the same DIC pool will result in one process being enhanced, while the other is suppressed [22] . Here, we also saw a positive effect of nutrients on daytime photosynthesis (figure 2f ) coupled with decreased calcification (figure 2a) indicating that competition between the coral and its endosymbionts for DIC could be contributing to the patterns in our study. Conversely, a few studies have shown a positive response of coral growth/calcification to elevated nutrients [19, 59, 60] , albeit conducted on shorter time frames than our experiment (0-10 days versus six-weeks) or from longer-term field experiments (six months) where the apparent nutrient effects could have been confounded by other factors. However, no positive effect of nutrients on calcification (day, night or net) was evident during our six-week experiment.
In the rubble, the decline in NCC in response to nutrient addition (figure 2c) could be due to a combination of increasing bioerosion (or dissolution) and/or decreasing calcification from encrusting algae and invertebrates. Many studies have shown that high bioerosion rates are correlated with high Figure 2 . (a -e) Net community calcification rates and (f -j ) net community production rates (mmol g 21 h
) for coral, algae, rubble, sand and the mixed community. Values are means + s.e. for samples collected during the day (open triangles), night (closed triangles) and over the 24 h sampling period (closed circles). Significant relationships between nutrients and NCC or NCP ( p , 0.05) for daytime, nighttime and net rates are represented with asterisks. Model results for NCC and NCP are in electronic supplementary material, tables S1 and S2, respectively. Dotted line shows when NCC and NCP are equal to zero.
rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172718 nutrient conditions in the field [16, 19, 25, 61] , likely because many bioeroders are filter feeding invertebrates or photosynthetic endoliths. To date, only one controlled laboratory study, focused on the Caribbean excavating sponge Cliona caribbae, has experimentally tested the impacts of nutrient pollution on bioerosion. The authors manipulated labile DOC for one week which subsequently drove increases in NH þ 4 and PO 32 4 , but kept NO 2 3 þ NO 2 2 stable: chemical bioerosion rates, but not total bioerosion (quantified as a change in buoyant weight), increased in their eutrophic treatments relative to controls [62] . Our study used different methods to manipulate nutrients, had a longer exposure time and also focused on a multi-species assemblage (coral rubble). However, we saw a similar increase in chemical dissolution in response to nutrient addition using the total alkalinity anomaly technique (which was likely driven by bioerosion since V arag never dropped below 1; figure 2c ) and no differences were seen in growth rates (measured via buoyant weight) over the six-week experiment (electronic supplementary material, figure S4 ). It should be noted, that our rubble community included crustose coralline algae and other epiphytes, which confounds our ability to calculate 'total' bioerosion rates (chemical þ mechanical), as both the encrusters and bioeroders were likely responding to the nutrient treatments. Still, this is the first study that tests the effect of nutrient addition on an assemblage of bioeroders in a controlled laboratory setting.
For sand, our results align with prior studies that also demonstrate a decrease in NCC in response to nutrient addition. In Mo'orea, French Polynesia, daytime NCC decreased by 16% and 20% (although not significantly) and nighttime dissolution increased by 240% and 250% under elevated (9.8 mmol l 21 ) and highly elevated (19.7 mmol l 21 )
nitrate conditions, respectively, relative to ambient [29] . In the current study, we saw a two order of magnitude decrease in net NCC between our ambient and highest nutrient condition. Anaerobic denitrification [63] or sulfate reduction [64] may have added to the A T fluxes in the sediments, but sulfate reduction is unlikely because our sediment was less than 1 cm deep and denitrification would have had minor contributions to the A T anomaly, given the measured changes in A T in the aquaria. We also saw a decline in Gracilaria NCC across the three nutrient treatments (figure 2b). Gracilaria is not a calcifying macroalgae. Therefore, the small decline in NCC is likely due to calcifying epifauna (such as bryozoans) that settled rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172718 on the algae throughout the six-week experiment. Gracilaria was included in the study because it is one of the dominant macroalgae in Kāne'ohe Bay. While the effect of nutrients on NCC in Gracilaria alone is trivial, Gracilaria's presence in the mixed community could be quite important to NCC because of its substantial effect on the local pH environment (electronic supplementary material, figure S6) .
While nutrients are known to directly impact calcification rates (as stated above), shifting pH (and V arag ) in response to altered photosynthetic and respiration rates is also indirectly contributing to the negative relationship between NCC and nutrients. Photosynthesis and respiration rates are the leading metabolic drivers of pCO 2 (and hence pH and V arag ) on coral reefs [34,36 -39,65] . In a global meta-analysis, Cyronak et al. [37] documented that pCO 2 is increasing over threefold faster on coral reefs than the open ocean from heightened metabolic activity [37] due in large part to local disturbances such as organic matter and nutrient loading from terrestrial run-off [66] , SGD [13, 67] and surface run-off [13] . Calcification and dissolution rates are highly sensitive to changes in pH [11] ; thus, shifts in the photosynthesis or respiration will influence NCC rates ( figure 1 ). In the current study, respiration increased in all four reef constituents while photosynthesis increased only in coral and sand in response to nutrient addition (figure 2). These changes in reef metabolism led to more variable pH environments relative to the incoming seawater (electronic supplementary material, figures S6 and S5), and at night, when pH was low, NCC always decreased. However, the fact that coral calcification decreased during the day, even when pH increased under elevated nutrient conditions (electronic supplementary material, figure S6a), indicates that both direct and indirect processes are impacting NCC rates.
Lastly, nutrient addition weakened the relationship between NCC and V arag in all community members and in the mixed community. When nutrients were augmented, calcifiers were unable to capitalize on high V arag values. Specifically, in the mixed community, the slope decreased from 2.9 to 0.8 mmol g 21 h 21 per unit V arag (a 70% depression) between the ambient and high nutrient treatment (figure 3e; electronic supplementary material, table S8). Further, when V arag was equal to 3.3 (a value often used as a tipping point for coral reefs [3] ) in the mixed reef community, the calcification was an order of magnitude lower in the high nutrient treatment than in the ambient nutrient treatment. The decoupling of NCC and V arag under increasing nutrients indicates that nutrients are altering the natural carbonate dynamics of coral reefs. The nutrient-dependence of the NCC-V arag relationship has also been noted under naturally varying NO 2 3 in the Red Sea [54] and in a flume study focused on Hawaiian corals with elevated NH þ 4 and PO 32 4 (albeit at nutrient concentrations two orders of magnitude higher than the current study [55] ). The fact that we saw a shift from net calcification to net dissolution and a weakening of the relationship between NCC and V arag at ecologically relevant nutrient concentrations further highlights the sensitivity of the accretion-erosion balance of coral reefs to nutrient pollution.
Notably, there are several other reef constituents not included in this study that could affect accretion-erosion rates (e.g. herbivores, corallivores, etc. [48] ). Future studies should examine how the effect of nutrient addition on the accretion-erosion balance could be mediated by higher trophic interactions. In the current study, we show that local anthropogenic stressors, such as nutrient pollution, could make reefs even more vulnerable to global changes in ocean pH and could accelerate the predicted shift from net accretion to net erosion. Data accessibility. Data and code are available on GitHub (https:// github.com/njsilbiger/Nutrient-pollution-disrupts-key-ecosystemfunctions-on-coral-reefs) and Dryad (doi:10.5061/dryad.nm1ns61) [68] .
